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SECTION I

METHYL-ETHYL IMIDAZOLIUM CHLORIDE ALUMINUM CHLORIDE MELTS

The family of ambient temperature melts which result from
mixtures of 1,3-dialkylimidazolium chloride and aluminum chloride
was discovered at the Frank J. Siler Laboratories. The most
extensively investigated room~temperature melt consists of
l-methyl-3-ethylimidazolium chloride(I) and aluminum chloride in
various mole ratios. These melts have interesting properties
which include: low liquid temperature, anhydrous aprotic
solvent, large electrochemical window and good conductivity. We
desire to prepare, characterize, identify these melts and to
study their electrochemical and spectroscopic properties. Of
particular interest are the redox properties of various lantha-

nide elements.
1.1 PREPARATION AND PURIFICATION OF MEIC

l-methylimidizole was reacted with ethylchloride, by con-
densing the gas within a pressure bottle at 45 degrees centigrade
for a period of a week with occasional shaking. The use of both
a lower reaction temperature and a longer reaction time resulted

in a higher yield(l'z)

of the desired product, MEIC. FEvidence

of the formation of the solid MEIC usually appears after a time
period of a week with occasional shaking. The use of both a
lower reaction temperature and a longer reaction time resulted in

a higher yield of the desired product, METIC, Fvidence of the

formation of the solid MEIC usually appears after a time period
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of three days under these reaction conditions. At the end of the
reaction period, the pressure bottle was allowed to cool to near
room temperature and subsequently cooled further within an ice
bath. CAUTION must be exercised here because there is usually a
residual positive pressure within the reaction vessel and care
should be exercised in opening the neoprene stopper. The small
amount of liquid remaining within the bhottle was poured off and
discarded in a well ventilated hood. The pressure bottle was
stoppered with a Calcium chloride drying tube and warmed to a
temperature of 40 degrees centigrade until all visible signs of
remaining ethyl chloride were removed.

The purification of MEIC was carried out as follows. MEIC
wa purified twice from acetonitrile/ethylacetate and ethyl ether
mixture. All experiments were carried out under an atmosphere of
dry nitrogen. Solvent removal and further purification were
achieved under vacuum. Aluminum trichloride was usually purified
by sublimation of 5 N's pure material ohtained from Alfa

Products.

1.2 PREPARATION OF THE MELT

Reaction of MEIC and aluminum chloride is highly exother-
mic. Caution should be taken during melt preparation. Small
quantities of the melt (50 grams) were prepared by slowly adding
aluminum chloride in small portions to a weighed amount of MEIC
in a nitrogen atmosphere. Melts of various compositions were

prepared and compositions were usually expresscd in terms of the
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. "4‘ ‘r' ..'.4'.-' 7 ,’. Tagn e e e

ClhESTESS



mole fraction of aluminum chloride present. The following tecr-

minology was used:

MEIC/Al1Cl, mole ratio 0.6/0.4 or 0.4 melt (basic)
0.5/0.5 or 0.5 melt (neutral)

0.4/0.6 or 0.6 melt (acidic)

3

Melts which were to contain metal ions were prepared by
dissolving anhydrous lanthanide or uranium chloride salts

therein.

1.3 IDENTIFICATION OF THE MELTS

1.3.1 Uv/V1S Spectra

Up to a mole fraction (N) equal to 0.5 aluminum

chloride, the dominant species in the melt is the AlCl‘;.1 ion.

1

Above N=0.5, a further species Al Cl7_ ¢+ controlled by the

2
equilibrium shown below begins to appear.

-1
AlCl4 + AlCl3 <

At about N=0.7 higher polymers, AlnC13n+1 (n>3), may also be
present. During our investigations with a series of melts
(N=0.33-0.67), we observed that the basic melts (N<0.5) exhibit
an absorption edge cut-off at 250 nm. The aluminum tetrachloride

ion in these melts probably absorbs at about 246 nm (Figure 1).

Slightly above 0.5 (N=0.5003), where the molar con-

centration of A12C17-1 is approximately 0.0012, the sample showed

a strong absorption peak at 282 nm, Upon addition of more alumi-

1

num trichlocide, i.e., by changing the concentration of A12C17_ '
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N =0.6665

o

OPTICAL DENSITY ===

0.3

Figure 1. UV/VIS Spectra of MEIC-AlCl3 Melts Containing
Various Mole Fractions(N) of AlClj.
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we observed an increase in the intensity of the 280 nm peak. At
a mole fraction N=0.6665, where virtually 100% A12C17-1 is pre-
sent (molar concentration 0.9985), we observed the maximum inten-
sity of the 280 nm peak with a concomitani presence of a shoulder
around 335 nm. The shoulder is tentatively assigned to the
absorption of some higher polymers of aluminum chloride ionic
specie. The results are summarized in Table 1.

These very significant observations allow us at
present to identify the melt systems quantitatively in a non-
destructive manner, and this method will be used in the future to
characterize the modified melts.

1.3.2 Infrared and Raman Spectra

The melt samples did not lend themselves to either
normal dispersive IR or FTIR investigations, because they are
sealed under vacuum in 3 mm cylindrical quartz tubes, which are
transparent to IR radiation only from 30-400 microns. However,
the quartz is ideal for Raman spectral studies. The use of cells
incorporating other types of window material, like germanium,
would allow infrared studies to be made. An infrared study of
the melt by conventional technique was made by sealing a smear of
the melt between two CsBr plates. Figure 2 shows the infrared
spectra of 0.4 and 0.6 melts. The species present in the 0.4

melt is predominately AlCl4 belongs to the group T A group

d.
theory analysis of this symmetry group predicts two infrared

active bands My and My belonging to the F2 class (Table 2). The

u4[0d(YXY)] frequency predicted to be around 180 cm_1 could not
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TABLE 1 5

Ultraviolet Data on MEIC—AICl3 ROOM TEMPERATURE MELTS p

h

.

- -

o

- - - l .o "

SAMPLE N [Cl ] [A1C14 ] [A12C17 ] 00285 2
MEICAL 1 0.3343 0.4978 0.5022 - 0.69 * N
MEICAL 2 0.3500 0.4615 0.5385 - 0.63 -
MEICAL 3 0.4000 0.3333 0.6667 - 0.69 -~
MEICAL 4 0.4501 0.1815 0.8185 - 0.66 .
MEICAL 5 0.5003 - 0.9988 0.0012 1.38 -
MECIAL 6 0.5503 - 0.7763 0.2237 1.51 “
MEICAL 7  0.6013 - 0.4918 0.5082 1.63 3
vd

MEICAL 8 0.6500 - 0.1429 0.8571 1.03* )
N,

MEICAL 9 0.6665 - 0.0015 0.9985 2.67 :
1 -
Optical density (OD) for a path length of 3 mm. N
*It is not known why the optical density of this sample o
is lower than the previous ones. ‘
3
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Infrared Spectra of (a) 0.4 Melt, (b) 0.6 Melt

and (c) 0.4 Melt Containing CeCljy,
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TABLE 2

Infrared Analysis of Tetrachloroaluminate Ion

Y1 V2 V3 V4
. [vs(xy)] léd(yxy)] [vd(xy)] [6d(yxy)]
d

A E F, F,

(R) (R) (IR, R) (IR,R)

)Y’
350 120 490 180
8
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be observed in the present case due to instrument limitation.

W Y Th 2l

The strong peak at 478 cm“1 is identified with the u3[ud(XY)] IR

active vibration in A1C14~1 moiety present in the 0.4 melt.
' The Raman spectrum of a 0.33 melt having slightly .
lower concentration of aluminum tetrachloride ion produced Figure

3 with the expected Raman bands at 120, 182, and 352 em™! due to

Mor My and My vibrations of the A1C14— moiety, respectively.

The intensity distribution among these bands is in good agreement ;
with the predicted one, 350 cm—l, being the strongest. .
The infrared spectrum of a 0.6 melt, containing
equal amounts of A1C14— and A12C17— exhibited two additional )
peaks at 378 and 320 cm"1 in the infrared. These peaks are due ;
to the A12C17- moiety. The corresponding Raman spectrum (Figure é
4) of 0.66 melt shows the 318 cm"1 band as the strongest with a 3
weaker and much broader absorption around 438 cm—l. These fre- Q

,

quencies are assigned to the bridged Al--Cl--Al moiety within the E
A12C17~ species. A more detailed analysis is in progress. The é
most significant obstacle to overcome in Raman measurements is :'
the background fluorescence. 1In the present case there is no E
exception, all melts showed strong fluorescence. We anticipate ;
in the near future to have available spectroelectrochemical capa- E
bilities specifically fourier transform electrochemical methods. i
1.3.3 Fluorescence Spectra °
Fluorescence measurements by optical (UvV/near VIS) E

pumping often yield information on the nature of both the ground ;
and the excited states of organic and metallon-organic complexes. ]
9 >

.
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Figure 3. Raman Spectrum of a 0.33 Chloroaluminate (MEIC-AlClj3) Melt N
at Room Temperature.
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Fiqure 4. Raman Spectrum of a 0.66 Chloroaluminate (METIC-AIC13)
at Room Temperature.
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This is a very sensitive method of identifying organic chro-
mophores.

The excitation spectrum of a 0.4 melt shows excita-
tion maxima at 270 and 395 nm with a weaker shoulder at 355 nm.
These UV excitation bands are primarily due to the cationic MEIC
(imidazolium cation) moiety. Excitation of the melt at these
wavelengths produced fluorescence (Figure 5) which is broad and
may be resolved into two components with a maxima (fluorescence)
at 445 and 470 nm. The 445 nm band is easily identified as being
due to the fluorescence from the organic moiety in the melt
(i.e., l-methyl-3-ethylimidazolium cation). The broader higher
wavelength at 470 nm is tentatively assigned to the induced mole-
cular luminescence from trivalent aluminum in A1C14- anion. Such
molecular fluorescence has been observed earlier in coordination
complexes of Al{(III) with organic ligands. The luminescence
spectra of the lanthanides and other spectroscopic data for metal

ions in the chloroaluminate melt are presented in the next sec-

tion along with the electrochemical data discussed as individual

ions.
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Figure 5. Excitation and Fluorescence Spectra of 0.4
Chloroaluminate (MFIC-A1C1l3) Melt at Room
Temperature.
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SECTION II

ELECTROCHEMISTRY

The electrochemical windows of the chlorcaluminate melts
(MEIC-A1C13) are limited by the reduction of the imidazolium
cation and the oxidation of Cl1°, A1C14- or A12C17— depending on

the melt composition. Below 0.5 mole fraction of AlC1 the

37
anodic potential is strictly governed by the oxidation of free
Cl™ ion and this positive limit is about 1.0 volts (Figure 6),
with respect to an aluminum in 0.6(MEIC—A1C13) melt reference
electrode. The corresponding electrochemical window of a 0.6
melt is 2.35 to -0.05 volts with respect to the same reference

electrode.(2'3)

2.1 ELECTROCHEMISTRY OF CERIUM

The most extensively investigated lanthanide ion is tri-
valent cerium which has a 4f1 electronic confiquration. The FE°
value for the Ce(III)/Ce(IV) redox couple is strongly dependent
upon the electrolytic medium used, exhibiting the effects of dif-
fering complexation of the cerium. Thus the following E° values

were observed.

MEDIA E°(volts vs. SHE)

1M HClO4 1.70

1M HNO, 1.61

‘ S0 1.

M HZS 4 A4

2M HC1 1.28

0.0
5.5M K2CO3 S
Al ‘/ ~ . Q I“
0.4 Melt (MEIC/AICT ) 0.7 (‘0/2)
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The simple carbonate ion that is capable of bidentate coor-
dination is able to lower the redox potential by about 1.6 volts
from the non-coordinating ligand medium of perchlorate. The
species which is probably undergoing redox reaction in carbonate
medium is probably the tetra-carbonato-Ce(III) anion. From
extensive spectroscopic studies Sinha established the presence of
the tetra-carbonato species for all the lanthanides in aqueous

3-2 ratios of 1:50 at pH=12.

carbonate solutions, having M:CO

The cyclic voltammograms of the Ce(1II)/Ce(1IV) couple in
0.4 melt is shown in Figure 7. From this data we calculate the
quasi-reversible rate constant of 1.20 x 10-3 cm/sec. The nature
of the electroactive species was deduced from a study of the melt
containing Ce(III) by UV and IR spectroscopies. The UV spectrum
exhibited a strong and broad band between 310 and 350 nm. This
is due to the 4f-->5d type transition in Ce(III), a 4f1 ion. The
position of the peak aqgreed with those observed previocusly for
the chloro complexes of Ce(IIl).

The IR spectrum also showed a Ce-Cl stretching peak at
280 cm™ ' [Figure 2(c)] in addition to the AlCl,” peaks. The
presence of peaks at 280 em” ! region was found for hexachloro-
complexes of cerium, thus confirming the presence of a
hexachloro- Ce(III1) complex within the melt. The final confir-
mation of the trivalent state of Ce came from the fluorescence
spectral studies. As a result of exciting Ce(IIT) in 0.4 melt

with 319 nm light, we observed a peak at 370 nm with indication

of another maxima at 410 nm superimposcd on the bLroad

. .

eyt e LT PO S S L M
.\I_--‘__J, R l',:- P TN

) )

L g

344 5N

.'(‘f.rr ‘ “'-'“A"“('.L‘ L

« N

PRy e’

PRI I ]
A N
SRR

T YO .

ALY

S S




- h A S

| SV R L1
0.9 08 07 0.6 0.5
, POTENTIAL (VOLT)

Figure 7. Cyclic Voltammogram of 0.4 Chloroaluminate

A (MEIC-A1Cl13) Melt Containing CeCL3, Showing
Quasi-Reversible Behavior.
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fluorescence of the melt (Figure 8). The position of these peaks
were further confirmed from a synchronous fluorescence study.
The nature of fluorescence and the position of the peak confirmed
first, the trivalent nature of Ce in the melt (0.4) and secondly,
that the species is a chloro-complex. Taken altogether, the

experimental data confirmed the presence of the predominant

6 14
undergoing redox reaction.

species as CeCl hexachlorocerium (IITl), in 0.4 melt

2.2 ELECTROCHEMISTRY OF URANIUM

Uranium presents an interesting challenge to the electro-
chemists., The oxidation states of uranium may vary between plus

three and six. The ususal species present are U(III), U(IV),

U02+ and U02+2. In aqueous solution "naked" U(V) and U{(VI) are

rare. The following electrode reduction potentials are observed

for aequeous solutions of uranium:

Our aim was to prepare a solution of U(IV) in 0.4 melt and study
its electrochemical and spectroscopic properties. The choice of
U(IV) came from the assumption that it is an interesting starting
point in the above scries, in that it could be reduced to the
trivalent species and in the anodic wave we might be able to

observe oxidation to {(IV) or possibly U{(V).
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Figure 8. Fluorescence and Excitation Spectra of Ce(III)
in a 0.4 MEIC-A1C13 Melt.
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However, during the preparation of U(IV) solution in 0.4
melt we observed the change of color of "U(IV) solution" from
green to yellow. Absorption spectral studies of the "yellow"
solution showed no bands due to U(IV) or U(III). The yellow
color is also taken as an indication of the oxidation process
which may have taken place during the preparation of the melt.
The following UV absorption bands were observed for the "yellow"
solution: 299.5, 345.5(Sh) and 392 nm. The spectrum of the

vellow liquid (Figure 9) did not show any characteristic bands
+2

5 -

The spectrum of our "yellow" liquid is identical with that
(4)

due to hexavalent uranium species UO

reported for a nitromethane solution of (C,H_.),NUC1

2574 6’

the predominant species is UCl6 . A comparison of the spectral

where

peak position and intensity of our "yellow" solution with
(C2H5)4NUC16 showed an excellent agreement and supports the point
of view that the species present within the melt is predominantly
UCIG—’ an unusual U(V) species.

Cyclic voltammetric studies were performed on this unusual
”C16— solution. Voltammograms were obtained by scanning the
glassy carbon working electrode between 0.6 and minus 1.2 volts
(Figure 10). Table 3 summarizes the salient features of these
voltammograms. It is apparent that the redox process is an irre-
versible one. The cathodic peak is due to the reduction of the
(V) specide to U(IV). The weak anodic peak current is possible
due to the partial reoxidation of the U(IV) specie within the

melt. Tf the cathodic potential is held for several minutes at
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Figure 10. Cyclic Voltammetry of the "Yellow" U(V) Species
Which Results From the Oxidation of a UClg Solution
in 0.4 MEIC-Al1Cl3 Melt. Notice that the Anodic Peak
is much Weaker than the Cathodic.
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minus 0.6 volts, an almost identical current response for the

v v m s

cathodic and anodic wave was observed,

We now have to address the nature of the oxidizing agent
present in our melt which is able to oxidize U(IV) to U(V). The
species responsible is believed to be proton (H+) which results
from minute traces of water present within our melt. The water
comes possibly from the water of crystallization in MEIC. 5

Partial hydrolysis of AlCl4 is possible with minute amounts of

®
water according to the following equation: N
AICL,” + H,0 ----- > alocl + 24% + 3 c1”
The protons generated during this process should act as a strong ;
oxidizing agent in almost anhydrous chloroaluminate melt. With
yet higher concentrations of water complete hydrolysis of the E
tetrachloroaluminate to aluminum trichloride might result. ;
Further work concerning the nature of water within the chloro- E
aluminate melt and the electrochemical properties of hexavalent ?
uranium (U02+2) are in process, ;
2.3 ELECTROCHEMISTRY OF TERBIUM _
Most lanthanides produce hexachloro species in :
MEIC—AlCl3 melt (0.4). The oxidation potential of Tb(III)/Tb(IV) if
is too high to be measured in an aqueous solution. We have not i
been able to observe this redox reaction in 0.4 melt until now. i
However, Tb(III) was used as a fluorescence probe in 0.4 melt., ) E‘
From the UV, time resolved fluorescence spectrum and the excited EE
state liftime measurements, we suspect the preseance of a ;
K
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hexachloro-Tb(III) complex in 0.4 melt, A comparison of the
excited state (504) lifetime in 0.4 melt with other laser liquids
and gas phase complex [(A1C13) X (TbClB)] showed the chloroalumi-
nate melt to be a comparable, if not superior laser liquid.

LIFETIMES OF SPECIFIED SOLUTIONS IN MILLISECONDS

LEVELS AQUO-ION TbC13—(A1C13)x Tb:POC13:SnC14 0.4 Melt
SD3 -— 0.29(250C) 0.29(25C) 0.40(25C)
SD4 0.43(25C) 1.52(250C) 2.73(25C) 2.34(25C)

2.4 ELECTROCHEMISTRY IN AQUEOUS SOLUTIONS

In order to make a comparison of the E values of various

p/2
. + .
lanthanides and U(1V), UO2 2 in the melt we have started to
measure the values of Ep/z in 1 M chloride ion solutions using

the same glassy carbon electrode. Figures 11 and 12 show the
cyclic voltammograms obtained for Eu(III) and Sm{III) ions in 1 M
aqueous chloride solution. The systems are electrochemically
irreversible, as evidenced by the larqge separation of the anodic
and cathodic peak potentials. The absence of an anodic peak for
the Sm(III)/Sm(II), suggests that the Sm(II) reacts very fast
with the solvent and that no Sm(II) is present within the solu-
tion to give rise to an anodic peak. These stuidies on aqueous
solutions are in progress together with electrochemical studies

within the chloroaluminate melt.

2.5 SUMMARY OF RESULTS

a.) Studies on these melts with (V. and IR spectroscopy

indicate that quantitative identification of the melt s

are possible using these techniques,
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Additional studies are necessary before a similar
statement could be made regarding Raman and
fluorescence spectroscopies.

The large electrochemical windows of the chloroalumi-
nate melts are useful for studying the electrochemical
properties of the lanthanides and uranijium.

The Ce([I11)/Ce(Il) redox couple is quasi-reversible,
The U(V)/U(IV) redox couple is practically
irreversible.

The Tb(III)/Tb(1V) redox process cannot be observed in
the melt.

In aqueous solutions En(III)/Eu(II) is quasi-
reversible but Sm(III)/Sm(II) is practically irrevers-
ible.

UV/VIS and fluorescence spectroscopies are helpful in
identifying electroactive species present in 0.4 melt
solutions of the lanthanides and uranium.

There is a good chance that the 0.4 melt may be useful
as an anhydrous laser liquid.

A paper entitled, "Hexachloro Complex of Uranium(V) in
Room Temperature lonic Melt,"™ by S. H. Sinha was

published in Lanthanide Actinide Research 1: 195-196,

1986 (A copy 1is enclosed.)

SCOPE OF FURTHER STUDIES

a.)

Continued studies on the uranium system is highly

desirable.
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Figure 11,

Eu(IlII) in Im Chloride.
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in Im Chloride.
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Modify the melt to widen the electrochemical window
and improve the conductivity of the melt.

c.) Studies on Eu(III), Sm(III), Yb(III) and UOQJ'2 and
possibly Pr(III) should be conducted.

Further studies on the use of this melt as a laser

liquid deserve attention.
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SECTION III

LITHIUM ELECTROCHEMISTRY IN ACETONITRILE: AN
ELECTROCHEMICAL AND SPECTROSCOPIC STUDY OF ELECTRODE SYSTEMS

3.1 INTRODUCTION

Acetonitrile is well suited as a nonaqueous solvent system
for electrochemical studies because of its physical properties
which include its non-reactivity at many electrodes over a wide

(5)

range of potentials and its ability to dissolve substantial

quantities of salts to produce conductive solutions., The recent

work by Keisele(6)

on the purification of acetonitrile was used
as a background study for this research. The redox system of
lithium in organic solvents is of interest because of the metal's
attractiveness as an anode material for high-energy-density bat-
tery systems. This attractiveness is due in part to its low
equivalent weight and large standard electrode potential(7).
Lithium reacts well as an electrode in primary battery systens,
with the exception of the voltage delay problem, which results
from the formation of passivation layers upon its surface., Its
position as an anode for a secondary battery system is not as
well understood. We believe that a very careful study should be
made on behalf of the lithium acetonitrile system to determine
the reasons, both energetic and kinetic which at present preclude
lithium from being used as an anode within both primary and
secondary battery systems. 1In addition, we note that little is
understood about the solvation of lithium by the solvent-

electrolyte and the redox processes which occur at the lithium

electrode.,
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This portion of the research effort concerns the study of
ultra-pure acetonitrile in terms of identification of its
remaining contaminates, its further purification, the purifica-
tion of electrolyte salts and the electrochemical behavior of
lithium electrodes in acetonitrile. We hope to add to the
electrochemical results spectroscopic data including
spectroelectrochemical data in an effort to better understand the
fundamental processes which occur in this system and to then be
in a position to predict which solvent systems might be viable

for battery systems of the future.

3.2 PREPARATION AND CHARACTERIZATION OF SOLVENT-ELECTROLYTES

Acetonitrile, HPLC quality or better, used in this research
was obtained from Fisher, Burdick and Jackson, as well as Alfa
Products. Gas chromatograms were obtained for each from a
Hewlett-Packard Model 5890 capillary column gas chromotograph.

We regularly used glove bags in an attempt to provide an
atmosphere devoid of water vapor. These attempts were only
marginally successful because we were never really certain of the
chemical state within the glove bag nor were we able to document
the reproducibility of the environment within these glove bags at
different times. To remove whatever traces of water might
remain, we passed the acetonitrile through a drierite column. Of
the samples which we used, that provided by Fisher was the bhest,

being better than 99.94+% pure as determined from capillary GC
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using a flame ionization detector (FID). Acetonitrile samples

received from burdick and Jackson were almost equivalent to
those from Fisher. By comparison, the Alfa samples contained
substantial impurity. It is important to note that within the
acetonitrile from all three suppliers, the only organic impurity
found from our capillary GC studies was propionitrile, confirmed
by deliberately spiking the sample with this compound, the next
member of the homologous series. We did not consider this to be
a serious contaminant, since propionitrile should have similar
electrochemical properties to acetonitrile(8).

The visible/ultraviolet (VIS/UV) spectra of all aceto-
nitrile samples, obtained on a Perkin-Elmer Model 4B, were essen-
tially identical, each being transparent down to 200 nm. Typical
GC and VIS/UV traces of the Fisher acetonitrile are in
Figure 13(a) and 13(b), respectively. The absence of a dry box
facility has precluded us from making any definitive conclusions
regarding impurity compounds, including water, which might have
contaminated our solvent electrolytes during the course of our
research. We have proposed that we purchase a glove box for the
next phase of our work.

The electrolytes used were LiCIO4, LiBF4 and tetrabutyl-
ammonium tetrafluoroborate (TBATFB) from Alfa TInorganics. FEach
salt was dried by subjecting it to a one microtorr vacuum for at
least twenty-four hours. The lithium perchlorate was also heated
to 70°C. With thesc samples we then proceeded to conduct the

electrochemical portion of the research at the lithium electrode.
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Figure 13, (a) Typical Capillary Column Gas Chromatograph of

Acetonitrile Showing Trace Impurity of

Propionitrile.

(b) Ultraviolet Spectra of Acetonitrile Samples:
(A) Fisher, (B) Burdick and Jackson, and (C)
Alfa.
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A quantity of TBATFB was added to the acetonitrile to act as a
supporting electrolyte. Drierite was kept within the glove bag
to collect any moisture as well as an indicator for the
atmosphere. Normal precautions werc taken. Prior to the commen-
cement of a study, the bag, containing all necessary equipment,
was purged for minutes, and sealed. After purging, a glass
column was packed with alumina (Sigma Type WA-4). the aceto-
nitrile was filtered through the column, the first several milli-
leters (ml) discarded and the remainder used to fill the

electrochemical cell.
3.3 THE ELECTROCHEMISTRY OF LITHIUM

For these studies platinum was used for both the test and

counter electrodes. The reference electrode was Ag/AgNO. (0.1M)

3
in acetonitrile (AN). Cyclic voltammograms (CV) were obtained at
either platinum or glassy carbon. While we could have used
lithium metal as the working electrode we reasoned that in order
for this solvent system to be viable, it must be capable of
reducing lithium ion to its elemental state. 1In addition, the
platinum electrode would serve as a good indicator for the
presence of other redox activity within the solvent-electrolyte
system prior to the addition of the lithium ion. 1In the absence
of lithium ion, the voltage window for the acetonitrile~TBATFB
system was found to be just bhelow five volts as evidenced by the
CV's at platinum (Figure 14).

Addition of lithium perchlorate to the AN-TBATFB system

results in a CV which contains three peaks, (Fiqure 15), all
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2.5 Microamp per inch, Silver Reference,
Multiple Scan.
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minus at 0.1, 0.85 and 1.85 volts versus the reference electrode.
The first of these is probably due to hydrogen reduction, while
the second and third are probably due to the reduction of lithium
on platinum and lithium, respectively. This lithium layer, in
agreement with Pons(g), does passivate rapidly. The severe
reduction in the reduction peaks, particularly at minus 1.85
volts, is most likely due to the formation of a passivated layer.
It is interesting to note that the passivation layer which forms
is soluble. This is readily shown by allowing the electrochemi-
cal cell to sit for a period of several minutes and then
repeating the experiment. The CV obtained will be almost iden-
tical to that obtained from the first experiment (Figure 15). We
have determined that the ip is proportional to the square root of
the sweep rate, suggesting the lithium transport process is
indeed diffusion controlled., 1In addition, the reduction peak at
minus 1.85 increases with increase in the concentration of

lithium ion in solution.
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SECTION IV

SUMMARY OF RESULTS

4.1 SUGGESTIONS FOR FUTURE RESEARCH

A) Electrochemical measurements can be very useful,
however, the information one could gain from
spectroelectrochemical experiments could be much

greater and nmuch more definitive.

B) We have just acquired both Raman and fourier transform
infrared (FTIR) spectroscopies within the Chemistry
Department at the University of Dayton. We have
commenced work on electrochemical cells for
spectroelectrochemical studies.

C) We suggest that to gain some insights about the ener-
getics of the ion solvation process that spectroscopic
data in pure and perhaps mixed solvent systems be

obtained.

38

- T T
AT NERT TR TR T N N N LN




----------- . R ST ‘..."- .
\"' ’\.’\"\."‘.' RING .r 5 -I‘ "'-"' Y '\. ~.I A AN

SECTION V

REFERENCES

J. S. Wilkes, J. A. Levisky, R. A. Wilson, and
C. L. Hussey, Inorganic Chem., gl, 1263, (1982).

.
[A]

Vv

B. P. Piersma and J. S. Wilkes, Frank J. Siler Research

Laboratory Report, FJSRL-TR 82-0004, September 1982,

Frank J. Siler Research Laboratory Report, FJSRL-TM
83-0016, June 1983,

J. L. Ryan, Journal Inorg. Nucl. Chem., 33, 153, (1971).

A. J. Fry and W. F. Britton, Solvents and Supporting
Electrolytes,” in Laboratory Techniques in Electro-
analytical Chemistry, Eds. P. T. Kissinger and W. R.
Heineman, Marcel Dekker, New York, 1984, p. 371.

H. Keisele, Anal. Chem., 52, 2230, 1980.

H. V. Venkatasetty, Lithium Battery Technology, John
Wiley and Sons, New York, 1984,

C. K. Mann, "Nonaqueous Solvents for Electrochemical
Use," in Electroanalytical Chemistry, 3, Ed. by
A. J. Bard, Marcel Dekker, New York.

L .". ".,",","-’{',l'/ . ﬁ\ﬁ’.": e . LI ’l

S. Pons and S. Khoo, DTIC Technical Report, Government

Accession No. AD-A106815, August, 1981,

39

T WO



APPENDIX

PAPERS PUBLISHED .

N 2 YB

‘-.,.t.....

."l)l'.'

. .'SA-..'\.’... N LAYy

YRR




Lanthande Actinde Res., 1: 195-196, 1988 COMMUNICATIONS

HEXACHLORO COMPLEX OF URANIUM(V} IN ROOM TEMPERATURE [ONIC MELT

Shyama P. Sinha
Department of Chemistry, University of Dayton,
Dayton, Obio 45469, U.S.A.

During our recent electrochemical and spectroscopic investigations |1,2| of solutions of Ce{Ill) and
Tb(III} in the room temperature chloroaluminate melt prepared by interacting l-methyl-3-ethylimida-
solium chloride (MEIC} and AICly (mole ratio 0.6:0.4, commonly known as 0.4 or basic melit (3]}, we
became interested in studying the U(IV] system. Spectroscopic studies of Ce(lll)- aad Tb(lll})-coataining
basic melts indicated the presence of 2 MCly-type chromopbore in soluation.

Dissolution of UCL (Alfa Products) in the basic (0.4) MEIC-AICl; melt, under dry nitrogen, occurs
giving a green U(IV)-containing liquid. However, the solution bleached to a clear yellow color within a
12-hour period. Spectroscopic examination of this yellow liquid showed no absorption bands due to U({IV)
nor did it exhibit the characteristic peaks of the UO3* ion in the visible region [4].

The first low energy absorption band for this yellow liquid (Fig. 1) is observed at 392 am (25.51
kK) with a half-width (§-) of 3.79 kK toward the lower wavenumber side, and it is indeed due to the
electron transfer transition of U(V)(5f') in our basic melt. The observed spectrum profile is identical
with that reported by Ryan {5| for a nitromethane solution of (C;Hs)¢NUClg, where the predominant
species is UCly. The first electron transfer band for (CqHs)(NUClg occurs at 25.3 kK giving a value of
2.16 for the optical electronegativity (xuacor) of U(V) in the hexachloro complex. Using our experimental
value of 25.51 kK for the electron transfer trapsition we calculate the valne of Xuncor as 2.15 for U(V),
which is in excellent agreement with that obtained (2.16) by Ryan for the UCly complex. A comparison
of our electron transfer spectram with the closely related distorted octahedral species like U;Cl;o and
UClg-AlICly identified in the gaseous state for 2 mixture of UCls and AICly between 400 and 800°K 6] is
not poasible due to the lack of the spectrometric data on these species in the UV region.

We now have to addresa the nature of the oxidising species present in our melit that is able to oxidize
U(TV) to U(V). The usual impurity present in AICl, is Fe(Ill}, which may easily be involved in the oxidizing
reaction. However, the AICly (Alfa Products 99.997% purity) was sublimed and the Fe(lIl) impurity was
found to be below the limit of cyclic volatammetric detection. In our case, the species responsible for
the oxidation of U{IV) is believed to be the proton (H') generated from the minute amount of water
present as water of crystallization in MEIC and acting as a strong oxidizing agent in almost-anhydrous
chloroaluminate melt. NMR and infrared stadies confirmed the presence of water in the sample of MEIC
and in the 0.4 melt used in this study.

Our attention was drawn to a recent study by DeWaele et al. [7| who have investigated the redox
behavior of U(IV} in a chloroaluminate system sumilar to ours, IN-(n-butyl)pyridinium chlorde (BPC)-
AICls], but in a melt composition of 0.33:0.66 BPC:AICly mole ratio. They believed to have found evidence
of the presence of a hexachloro complex of U{V) in their melt from a study of the electronic transitions in
the near [R region. [t ia, however, very unlikely that at their BPC:AICly ratio a conmderable amount of
UCIS has formed. Although the observed f— f spectrum {7| is certainly due to a U{V)-chloro complex, it
does not appear to be due to the UCl; moiety. A more likely candidate un their meit composition is the
UClg-AICly species.

< 1986 VCH Publishers, Inc.
Manuscnpt received September 30, 1985: accepted October 24, 1985 195
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FIGURE 1. Electron transafer spectrum of U(V)-hexachloride (~0.035 M) in basic {0.4) MEIC-AICl; melt
at 25°C; pathlength 0.2 mm.

Detailed electrochemical and spectroscopic studies on U(IV) and U(V) ions in basic and in acidic
MEIC-AICls meits are in progress and the resuits will be reported elsewhere.

This work was performed under an Air Forca Wright Aeronautics/Aeropropulsion Laboratory con-
tract. The author wishes to thank Prof. G. Mamantov for drawing his attention to the work cited in
Reference |7].
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Resistive Electrode Effects on Cyclic Voltammetry

R Gerold Keil*

Department of Chemustry. Unwersity of Dayton. Dayton. (Jhio 45469

ABSTRACT

The effect tnat distnibuted resisiance within a thin film working electrode wouid have upon a resulting cvcir
vollammogram has teen determuned through simuiation using the finte difference approach Electroae resistanct
causes the cvclhic voltaummogram lor a reversibie siectrochemica. reaction 1o appear quasi-reversible Hy an amount tha!
i proportonal 10 the siectrode resistance The effects of the tacihity of the eiectrode Kinetics and distributed eiectrods
resistance upor. the chape of the cveiie voltammaogram were determined The simulation considered mass transport ta

Aiffusion both norma, und parallel 1o e crectrone syttace

in recent times. increased «ftort nas been devoled to
technical areas which may uliize thur ym electroaes. i
cluding thin Alm batltenes eiection ~pin resonance cells,
optically transparent electroqe svui=m< ana aispiay ae
vices Whiie the electrochemist 1« grenerailly able 1o com
pensate for soiutuion IR losze, gdrided consideration must
be giver af a agnificant resistance v present wathin the
ejectrode material (tself The resuits of a tundamentai in
vestigation 1nto the Interts ol energelics anda cnarge
transfer kinetics can be erroneous if soiution [R losses are
ignored This is also true for a sufficiently thin metaliic
electrode. but, nere the magmitude of the effect wii; ae
pend upon the eiectrode geometry as well as the number
of points on the electrode ¢ which eiectrical contact s
made The presence of a distributed resistance aiiows for

*Fiectrochemical Societs Active Meoer

the potential at a iven point 1n the electrode 1o diifer
from that of the potentiostal We examune nere the effect,
that electrode resistance and electrode geometry have
upon the numericai value of AE, of cvclic voltammograms
for both reversibie and quasi reversibie eiecirochemica.
processes  See the List of Svmbols for the definitior. of
symbois used

The working electrode -~ Consider that a cvelic voltam
mogram (CVi s to be obtained al a working eiectioue
which 1s composed of a long (10 emy. narrow 10 1 cmy. ana
thin «« 2« 10" cmi metallic Alm A piatinum electroae
with these phvsicai dimensions would have an apprecia
hie resistance «~5000() Pracucal considerations require
.n this anaivsis that such a film electrode have suppon
fram a nonconductive substrate We consider further that
1to mantfest the extrerne potentiostatic contac! to (he
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electrode 13 made at only one end. (i1) the 1n1tial potenual
1s sufficiently pos:iuve w precluae electrochemcal reac-
tivaity; and (t11) the reacuon is electrochemically revers.
ible

We begin with the oxudized form O of the couple pres-
ent withun the soiution. At the commencement of the CV,
the potential begins to change to less posiive vaiues. At
some pouint. the faradaic current will become nonzero
and. at that point, a voltage gradient wul exist within the
electrode. The change in potenual at a given pount 1n the
electrode will exist within the electrode. The change 1n
potential at a given point in the electrode will make the
potenual less negauve than the powut at which electrical
connection 1s made from the potenuostat. Consequenty,
the ratio (RY[O] at this point is also less.

The total current that passes through a given location in
the eiectrode 1s a combination of the current from the
poruon of the eiectrode still further removed from this lo-
cauon plus the faradaic current present at this locauon.
The exact reiationship between potental, resistance, and
current can be obtained if we consider the working elec.
trode to be divided into "N’ eiectrode eiements with an
equal resistance betweerni them. The potenual of the first
eiecurode eiement £, is set by the potentiostat. but the po-
tenuial of the second electrode eiement will be dependent
upon the resistance withun that element multipiied by the
total current which passes through 1it. Therefore

E, e E + Ry +1, + W) (1]

E,=E + Ry, + 4. .+ 1)+ ROL» 1+ . +1)

(2)

and since all R, are equal, we can wrnte as a general ex-
pression

E,mE_, + Ry, +1,,+ ..+ (3]

For sufficienty large values of either current or resist-
ance. a given eiectrode element may be sufficiently posi-
tuve that a faradaic process does not occur at that elec-
trode element.

Examinauon of Fig. | shows that the resistance of a
given ejectrode element with resisuvity p, length al, and
cross-sectional area a = dw equals

pal ot
R = — " (4]

Noting that each electrode element 1s of width w, :ength
Al ana has an electroactive surface area A = 3w = AJN,
ane ootains as an expression for the resistance of each
eiectrode eiement

R, = pA/Nw d (3]

Dimensioniess parameters. —The analvsis of resistive ef.
fects withun an electrode was conaucted using dimension-

ELECTRODE GEOMETRY
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less parameters. The dimensionless current at an elec-
trode element ) is given by

Z, = i, ‘ImFACD*® (6]
Combinatuon of Eq. {5] and (6] gives

R4t . pA.Z,
nFACD'* Nuwd

7
Nouing that A, = A/N and A, = lw yielus

Ry = ﬁ;ﬁ._&g— (8}
-t -d
Finally, division of both sides of the above expression by
RT/F and uttlizauon of the relationship , = (£, - E.vv
gives as an expression for the dimensioniess potentai
drop across a given electrode element due 0 the passage
of current

pnitF*CD it ]
RT(E, - E)'N'd ]

RAF z,[ (9)

RT

The quantity in brackeis 15 the dimensionjess resistance
parameter. which related all quantities in the physical ex-
penment for an electrode with rectanguiar geometry

Simulation —In this study, we considered that. initially,
only the oxidized form of the redox coupie is present in
solution. and that the utial voltage scan will be towaras
more negative polentials At the commencement of the
CV. all points on the electrode surtace are equipotental
with the applied potenual. If a3 nonzero faraaaic current is
present. the electrode elements will duffer from the ap-
plied potential by an amount that depends upon the total
current passing through each element as weil as the airec-
tuon of that current. Dunng the negauve scan. the poten-
t1al of each electrode eiement 1s more posiuve than the
contact element, as long as a nonzero current i1s present.
With a nonzero faradaic current present. the reversal po-
entual. £, is also expected 1o be aufferent for each elec
trode element. The eiectrochemicai events that are possi-
ble at an ejectrode element removed from the contact
element will depend upon the potential that 1s present at
that element. This. in turn. will depend upon the IR drop
between it and the electrode eiement at whuch electncai
contact 1s made to the potentostat. If the potenual of an
electrode element 15 sufficiently positive. ejectrochemi-
cal reduction wi) not take place at a poruon of the elec
trode.

An iterative numencal simulation of the cyciic voitam.
mogrram ailows the {-V benavior of the etectroge (o oe
computed for a given vajue of the aimensioniess resist.
ance. Programs were written i1n Fortran 1V and simulatea
using the finite difference approach (1-7) Tymcally. the
program utilized several hundred iterations and up to a
thousand ejectrode ¢lements the number requirea beiny
a funcuon of the dimensioniess resistance Efforts were
made to minimize the number of electrode eierments used
and, therefore. the computing ume The number ol erec.
trode elements used was increased in muitiples of one
thundred until the resuiting changes n AE, differed iess
than 5% from the next smaller number of ejectrode e:e-
ments used Typicaily, a program requred sorne 600s
CPU ume

Algonthms based on Eq (3] were usea to assign a po-
tential to an eiectrode eiement. The working ejectroae
was divided 1nto N eiements. and each was assumea 1o ve
a thun. umiform. and continuous metallic ilm Since each
electrode ejfement mayv have a different potenuai, the ratio
of oxidized to reduced form at each 1s expected 1o varv
The solution pnase was divided 1nto a two-dimensional
array. Diffusion, the only rnass transpont mechanism con-
cidered in this work. was assumed 1¢ be nonlinear. ¢
diffusiorn both normal and paratlel 1o the surface of the
WOrKIiNg a1ecirone Capacitance effects were not inciunet.
because they are a constant propnriiong: to the sweep
rale AL nteresting and Jdnalognus protiem myolving so
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lution resistance within electron spin resonance cells was
considered previously (8) using an alternative method.
The ciassical paper of Nicholson (9) was one of the first
to yieid quanutative results for the analogous solution re-
sistance problem. The analogous problem of uncompen.
sated solution resistive effects present in thin layer elec-
trochemical cells was considered previously for the
potenual step and current step expenments using the
simulation technique. The authors (10) found that nonuni-
form current densities resuited along the working elec-
trode because of hugh electrolyte resistance. They d!d not
consider cyclic voitammetry. The unusual current re-
sponse from their simulated chronoamperometnc data 1s
seen also 1n our simulated CV's. We do not believe that
there 1s any fundamental distinction between distnbuted
resistance ansing from electrode resisuvity and distnb-
uted resistance ansing from nonuniform current densities
in solution within a thun layer cell

The simuiation commences with the assignment of the
most positive potential to each electrode element and the
calculauon of the resuiting dimensionless current at each.
For the second iteration, the potential of the first eiec-
trode i1s agan assigned. but the potential of the second
electrode eiement and all others are computed using the
total dimensioniess current from the previous iteration,
Z(K - 1). The faradaic current at 3 given electrode eie-
ment removed from the contact electrode eilement may be
greater or less depending upon the potential at that ele-
ment relatve to the standard potential for the redox pro-
cess under consideration. Equauons {3} and (9) show that.
for the Kth iteranon, the dimensionless potenual of elec-
trode element ; equals

Ej, Ky =EG - 1. Ky + (ZXRHOY (10]

In thus equauon

N-)+1

- 2ZIK -1
Z, = 2K - 1) N

(1]
and RHO 1s the dimensionless resistance parameter (Eq.
{9). For a given iteration, once the potenual for a given
ejectrode element has been assigned, the faradaic current
at that element 1s determined, and the concentratuons of
elecuoacuve components n each soluuon box are ad-
justed for diffusion. This new concentration then be-
comes the old concentration 1n preparation for the next it.
»ratuon. A flow chart of the digital simulation program is
cnown in Fig 2.

The resuits of the computer simulation of resistive elec
:roce etfects are snown (Fig. 3) for a working eiectroae
~ith a aimensioniess resistance equal to 15 Viewea
~tockwise. F1g JA indicates the potenual of a parucular
~OrKINg electrode eiement at a given ume ateration: The
qistnibutea resistance within the eiectrode causes the po-
‘entias sCan to be noninear The most dramatc poruon
‘arrow! occurs with the commencement of signincant
‘araaaic acuvity at eiectrode ejements ciose to the contact
~iement. For an electrochemcailyv reversibie reaction this
~oninearity wiil gestrov the dependence of the faraqaic
rurrent Jn the square root of the scan rate We note tur
her tnat the reversal potenual. E., s mfferent for eacn e)
~ment and. simuariy, that. at the compietion of the posi-
‘ive <can the potentials of the etectroae eiements are
1.1ferent These etfects becomne more dramauc vith an-
‘reaseq resistance Figure JB shows the curtent-time - pu-
‘entiai response to the appied potenuats for the RArst
.na two-aundredth eiectrode alement It should be notea
nere ‘hat the maximum dimensionless current. 0 510, ex
eeqs ihe vaijue. ) 4463 for the current functien ootained
‘or reversible charge transter (11). We see that eiectroae
=iements removea {rom the first exhibit cathoaic peak
Jotenuals more negauve 3s well as anoaic pesk polentuals
Tore 2osiive than 1n the apsence of the electroae resist
ince LaSUY. ve note that »iectrode resistance resuils n
MONCILSSICA) StPUCture 1arrnw in the cyrrent tuncion F:g
ombines the two previous fgures JA and (1) a
4 CVONC MM mMmorTIm ikan tar the contact ele

re S0
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Fig. 2. Flow chart of digital simulation program

trode elermnent and one removed. The data are presented
in terms of the potential of the first electrode eiement
The simulation produced a marked shift in redox peix
potentials and currents for electrode eiements affectea tv
resistance. [astly, 1n Fig. 3D we see the cyclic voltammo-
gram that results when the CV's for each electrode eie-
ment are considered and averaged (Fig. 3D-1) For com-
panson. the CV obtained under identical conditions. but
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\n the absence of resistance (Fig. 3D-2). is included. We
see that the effect that electrode resistance has 1s to aiter
the shape of the resuiting CV by increasing E,, to slightly
increase the peak currents, and to produce structure (ar-
rows) as f additional electrochemucal rescuon(s) were
possible. [n & sense they are. An added peak(s) appears
because the potental of electrode elements removed from
the paint of electnical contact lags the potental at the
potenuostat.

The effect that resistance has upon AE, for a reversible
and a quasi-reversible electrochemical reaction s shown
in Fig. 44. in which the peak potential duference is
piotted for each as a function of dimensioniess resistance.
The dependence appears quadratic and significant. Re-
calling (Eq. [9]) that the dimensionless resistance is expii-
citly dependent upon v'?, we can present the peak separa-
tion as a function of sweep rate (Fig. 4b). Thus resuit 1s
significant as a method for the diagnosis of resistive ef.
fects within a working electrode. For a simpte case, con-
sider a2 redox couple whose well-established electrode xi1-
neucs at pigtinum are to be studied at a thun Alm
piatinum eiectrode. The measured peak separation would
enable caiculation of the resistance of the film (Eq. {9))
Alternauvely, for a system under study at a thun film
elecirode for which neither the electrode kineucs nor
AAim resistance have been determined. the measurement
of AE, at two (or more) sweep rates would allow 3 deter.
minavon of k» and the film resistance to be made. Con-
versely, 2 researcher who s unaware of the effect that
eiectrode resistance has would necessarily underesumate
the value of the electrochemical exchange rate constant,
i

A waord of cautuon 1s necessary to those who use itera-
uve methods of computation. The changes in the system
between successive iteraions must be surficiently smauil
to preciude oscillatory behavior. Recall that. in this anaty-
sis. we begin with the oxidized form of the redox couple
present. and that we begin with a potenual scan in the
negative direction. Specifically, f the dimensionless re-
sistance of each electrode element 1s too large, then, when
significant faradaic current commences at the first elec-
trode element, that current (times resistance) will produce
at the aqjacent ejectrode element a potenual that is posi-
tuve of the vaiue 1t had dunng the previous iteratuon. This
will resuit in a negative 1anodic) current. Thus osculatory
behavior will be propagated over the N eiectrode eje-
ments. This effect can be circumvented in part by making
N <ulficientiy iarge +Eq. [9]) We chose to use the average
current from the previous iteration. Z(K - 1), or. alterna-
sivety, the current funcuon from the first eiectrode eie-
ment to compute the potenual of a given ejectrode eje-
ment for the Kth iterauon

The -esuils, !0 this point. have heen Limitea 10 a thin
Aim working eiectroae with rectanguiar geometry We

L {
12 6 0
UMENSIONLESS RESISTANCE

al 1-3]

c4 VA 2 & 20
SWEEP RATE (vrn)

Fiq 4 Cothodic onodic peok separation vi. the dimensioniess re-
14rance ana 1 tweep rate (1) for reversible eiectron tranyrer (k7
Q167 cnvs RS = 10) ond (2) tor a quasi-revertibie eiectron transrer
h* =87 v 10 rmiy RKS = 0 40)
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next considered a thin lm electrode with circular geom-
etry (Fig 1) and with electnical contact to the potentiostat
at the center [t s obvious that the resistive problem can
be elmuinated by using a conducuve substrate, but that
was not the intent of thus work. While the resistance for a
material of rectanguiar geometry is given by Eq. (4], the
corresponding resistance expression for a thin flim eiec.
trode with eiectrical contact at the center (forming elec.
trode elements of concentric nngs! 18 obtained through
soluuon of the Laplace equation (Appendix). The expres-
sion for resistance equals isee Eq [A-9)

R "a In (ryr.) (12

2

Using reasoning 1dentcas to that used for an electrode
having rectangular geometry, it can be shown for the cur.
cular electrode that

RevF onF ACD' *12; - h's

inryrly) (13]

RT Z 2raikE, - £ CRTN®

Compansan of Eq. (8] with Eq [13] yields

A2y - 1)

RHOfcircular] = RHOfrectanguiari e
Py

nryre )

(14]
As the values of r, and r,_, increase thewr rauo must ap-
proach unity Therefore, a circular electrode with a single
centrally located pount for eiectricai contact should pres-
ent less of a resistance propiem (Fig 1). Our simuiations
have confirmed thus observauon

Summary

The effects that distnbuted resistance wathun a thun
film working electrode has upon a cvcilic voitammogram
have been determined through simulation uswng the
finite difference approach The effects are worse U the
working electrode is long and thin, and if electrical con-
nection to the potenuostat is made at only one end. We
found that the observed etfects wouid not be found in a
circular electrode, even if very thin. The problem was
simuiated n terms of dimensioniess parameters. The
presence of distnbuted eiectrode resistance allows a
nonlineanty \n the tnanguiar wave to occur, resuiting in a
maximum vaiue of the dimensioniess current which ex-.
ceeas the current function for reverxible charge transter
Electrode eiements remote from the *first exh:bit cath.
odic pear potentials more negauve. as weil as anoaic
peak potentials more posiuve. than expected (n the an-
sence of 4distnbutea ejectroae resistance [n aaddition.
nonciassical structure within the CV was observe™ as a
direct etfect of the electroge resistance The etectrode -
neucs for an etectrocnemicaly wel-defined and other.
wise reversible redox coupie could easiy be thougnt
quasi-reversiple as determinea from AE, Use ot two (or
more; sweep rates would ailow a geterminauon of both x~
and the film resistance to e maae
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APPENDIX
Resistonce Properties of Thin Circuiar Geometres

An exoucit expression tor the “esistance of an electrode
material having circiiar geametry requires the cojution ot
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the Laplace equation. In this model (Fig. 1), the electrode

is of thuckness d and of radius r. Electncal contact is

made only at the center of the electrode. Tajung lhe La-
d'v(r) ]

place equation
1 d [
—_—— | —
” dr drt

integraung twice and simplifying gives
V.-V, =C, In(ryr)

(A-1}

[(A-2]
Therefore

C - (A3)

ln (ry/7)
In terms of v, where r, € r < r,

v, - V)

In (ry/70)
The electrostatic field E equais

Viry = V, + In(r/r,) {A-4]

-V (V.- V) 1
dR Intryr) r

The charge flux is equal to the product of the canduc-
uvity and the electrostatic field

Eir) = [A-5]

O(V: - Vv) 1
Jir) =gl - ————— . A8
Wr) =g oy - [A-8]
Finaily, the current is fiven by the integral
! / Ju(TIdA = oV, - Vo 2nd dr A-7
w(T) —Tm—"‘/—r'r L4 [A-7]
gV, - V)
| —————2nd A-8
In (ry/T) i (a8
Using Ohm's law obtains
vV, -V, P
R = —l—= —2'"—‘;[!\(1’,/!’,) [A-Q]
where p = g
LIST OF SYMBOLS
A, elcctroactive surface area of jth electrode element,

cm-

A totai efiectroactive surface area, cm¢

1 area or eiectrode tend on), cm-

C concentrauon, mol/lem’

CV  cveie voilammogram

0 11ffusion coefficient. cm-/s

DELTA dimensioniess eiectrode potential correction
due to distnbuted resistance

1 electroae thickness, cm

AE, anodic-cathoailc pegk separation, mV

6P SuR-05y
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dimensioniess potential
E, trunai potental
E, reversal potenual
E electrostauc deld, Viern
F Faraday's constant, CUmol
? conductivity, 1—'em !
electron current, A
i electrochemical current, A
current density, A/cm*
b . electrode eiement
K iteratuion number
[ electrocnemical exchange rate constant, cnvs
L total number of iterations
{ electrode iength. em
N total number of electrode eiements within electrode
n number of electrons ;
POTNOR dimensionjess electrode potenual
R resistance, {1
R, elecuode element resistance, {1
RHO dimensionless resistance
RKS dimensioniess electrochemical exchange rate con-
stant

T, radius of ith eiectrode element, cm

p resistivity, {1 ¢cm

t time of expenment, s

T temperature, K

v sweep rate, V

\ potenual, V

w ejectrode width, cm

Z, dimensionless faradaic current at electrode element
)

ZKK - D total dimenstonless faradaic current for the

kth iteration
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